INTRODUCTION
The United States Environmental Protection Agency (USEPA) has classified inorganic arsenic (As) as a group A human carcinogen Environmental Geosciences, v. 11, no. 2 (June 2004), pp. 87 -97 (Southworth, 1995) . As is typically found in soils at background concentrations ranging from 0.1 to 40 mg/kg (Bowen, 1979) . Ng et al. (1993) reported much higher concentrations of background As in soils subject to repeated pesticide application, particularly in cattle-dipping vats, where sodium arsenite was widely used. Sodium arsenite was also used extensively in herbicides and insecticides. As a result of being a group A carcinogen, an elevated health risk is associated with long-term human exposure to inorganic As in such pesticide-applied soils. Rapid encroachment of suburban development on lands previously used for agricultural purposes in fast-expanding metropolitan areas has greatly increased risk of human contact during the last two decades. The importance of considering soil ingestion from incidental hand-to-mouth activity by children playing in the backyards has been underscored in recent studies assessing public health risks associated with long-term exposure to low-level As-contaminated systems (Clausing et al., 1987; Calabrese et al., 1989) .
The adverse effect of soil As buildup on environmental quality and human health was realized relatively recently. In the late 1980s and early 1990s, the USEPA banned usage of many inorganic As-based pesticides (e.g., arsenic acid, lead arsenate, lead arsenite, copper arsenate, calcium arsenate, etc.), but damage had already been done to large areas of agricultural lands. Sanok et al. (1994) reported significant residues of As in potato soils of Long Island. In 1998, Murphy and Aucott reported the discovery of As-contaminated soils in residential developments located on former apple orchards (Murphy and Aucott, 1998) . It is estimated that approximately 15 million lb of As was applied to New Jersey soils between 1900 and 1980. Similar situations exist in Texas; the cotton fields of Texas contain above-normal levels of As because of years of widespread application of As-based pesticides, most commonly used as defoliants during harvesting (Hudak, 2000) .
Soil ingestion from incidental hand-to-mouth activity by children is currently being taken very seriously in assessing human health risks associated with arsenical pesticide-applied former agricultural soils, now converted to residential areas. Several studies have provided estimates of the amount of soil ingested by children (Binder et al., 1986; Clausing et al., 1987; Calabrese et al., 1989) , thereby allowing for more accurate risk assessments in As-contaminated areas. A critical parameter that allows for more realistic health risk assessment in As-containing soils is an estimate of ''bioavailable'' As. Bioavailability refers to the extent of absorption of a chemical into the bloodstream from the gastrointestinal tract, lungs, or skin (Halmes and Roberts, 1997) . Within the risk assessment community, there is an increasing awareness of the importance of considering bioavailability of chemical contaminants when estimating risks and creating risk-based cleanup goals (Halmes and Roberts, 1997) . However, realistic methods to quantify the percentage of bioavailable As are sparsely employed. Many baseline risk assessments of Superfund sites have used the extremely conservative estimate that all (100%) As present in soil is bioavailable by equating As bioavailability in water with that in soils. However, several in-vivo animal studies have shown that bioavailability of As in soils may be significantly less than that in water. Ng et al. (1993) used rats to obtain a mean As bioavailability value of 69%; Groen et al. (1994) used dogs to obtain an absolute As bioavailability value of 8%; Rodriguez et al. (1999) used immature swine (the sole USEPA-approved model) and estimated relative bioavailable As to range between 2.7 and 42.8%, depending on As concentrations in soil ingestion dose. Because calculated health risk is a direct function of the input value for chemical dose, the assumption of using an input value of 100% bioavailability for exposure to As-enriched soils potentially overestimates the actual risk, thereby elevating the expenses associated with potential site cleanup. Moreover, As exists in many geochemical and soil mineralogical forms. Several of these As forms are geochemically stable and/or insoluble in human gastric/intestinal juices and hence are not likely to be available for systemic absorption. Therefore, an appropriate evaluation of pathwayspecific As bioavailability requires accurate, case-specific information on gechemical fate of As.
The major reason why As bioavailability estimate is taken as 100% and not generated in-situ during risk calculations is the tremendous cost associated with performing in-vivo bioavailability studies, thereby making it impossible to conduct site-specific in-vivo trials for every reported soil As contamination case. In-vivo studies employ animal models (rats, rabbits, monkeys, pigs, etc.); disadvantages in conducting such studies include expense, specialized facilities/personnel requirement, and time. Hence, several in-vitro methods to estimate bioavailable As have been developed in recent years that have simulated in-vivo data with varying degree of success (Davis et al., 1992; Sheppard et al., 1995; Rodriguez et al., 1999) . However, all the in-vitro methods developed for As deal with severely contaminated waste disposal sites, but not pesticide-applied soils with marginally higher than background As concentrations. Dose-response curves are commonly not linear at lower doses, as most toxins have a hormetic effect, which is the stimulatory effect of subinhibitory concentrations of any toxic substance on any organism. Although As is a well-known carcinogen at higher doses, a few recent reports have shown its effectiveness in cancer remission at very low doses (Soignet et al., 1998) . Given these inherent contradictions, As could be used as a case study to illustrate the difference between low and high dose responses. Most importantly, studies so far did not take into account the issue of variability in soil properties and its effect on bioavailable As concentration. Adriano (2001) summarized several soil properties that are most likely to influence soil availability of As, namely, pH, clay content, amorphous Fe/Al oxides, organic matter content, sulfur content, phosphate concentration, and soil redox conditions. Consequently, the rather simplistic ''one-size-fits-all'' approach that has been used so far in assessing As bioavailability needs to be reevaluated.
The reported study aimed at addressing the issue of soil variability on As speciation and bioavailability. The main objective of the study was to develop a comprehensive understanding of the relationship between As speciation and bioavailability as a function of soil properties. In this paper, we present preliminary data (4 months) obtained from three soils contaminated with sodium arsenite pesticide: the Immokalee series, a sand with low concentration of Fe/Al oxides (hence, minimum As retention potential); Millhopper, a sandy loam with relatively high concentration of Fe/Al oxides; and the Pahokee Muck series, which is high in organic matter in addition to high Fe/Al and Ca/Mg contents. The soils were incubated with the pesticide for a 4-month period. Comparative As speciation and bioavailability studies at 0 time (immediately after spiking the soils with pesticides) and the 4-month incubation period are reported. The effect of soil properties on As speciation and bioavailability is discussed.
MATERIALS AND METHODS

Soil Sampling, Preparation, and Characterization
Surface soil from the Immokalee series was collected from the Southwest Florida Research and Education Center, Immokalee, Florida; Millhopper Series soil was collected from the University of Florida campus at Gainesville, Florida, and the Pahokee Muck series was collected from the Everglades Research and Education Center at Belle Glade, Florida. Soil samples were airdried and passed through a 2-mm sieve. The soils were characterized for pH, electrical conductivity, particle size, and water content using standard protocols (Klute, 1996) . Organic matter content was determined using the loss-on-ignition method (Klute, 1996) . Exchangeable cations were extracted in 1 M ammonium acetate (pH 7.0), and cation-exchange capacity was determined by removal of ammonium ions (Rhoades, 1982) . Plantavailable Ca, Mg, and P were extracted by Mehlich III solution (Mehlich, 1984) . Oxalate-extractable Fe and Al was obtained using Tamm's reagent (Klute, 1996) . Total P was extracted using the ignition method (Saunders and Williams, 1955) . Total recoverable Ca, Mg, Fe, Al, P, and As was obtained by soil digestion according to USEPA method 3050B (USEPA, 1996) . Phosphorus was measured colorimetrically by a UVvisible light spectrophotometer using the molybdateascorbic acid method (Watanabe and Olsen, 1965) . Iron was determined colorimetrically according to Olson and Ellis (1982) as a complex with 1,10-phenanthroline reagent. Ca, Mg, and Al were analyzed using flame atomic absorption spectrometry. Arsenic was analyzed using graphite furnace atomic absorption spectrometry (GFAAS).
Soil Amendments
Two hundred grams of soil, each from the Immokalee, Millhopper, and Pahokee Muck series, was spiked with sodium arsenite at three rates: 45, 225, and 450 mg As/ kg soil. Water content was maintained at 70% of the water-holding capacity of the soils. Pesticide was thoroughly mixed with soils, which were then stored in tightly sealed bags at room temperature. The soils were aerated regularly, and constant water content was maintained. Arsenic was extracted from the soils immediately after pesticide amendment and after a 4-month incubation period using an apposite sequential extraction method and in-vitro procedures as described below.
Sequential Extraction Procedure
Sequential extraction of As was performed modifying the procedure reported by Chunguo and Zihui (1988) .
1. Water-soluble phase: One gram of soil was extracted at room temperature for 30 min with 50 mL of deionized water under continuous shaking. The samples were centrifuged, filtered, and analyzed for soluble As.
2. Exchangeable phase: The residual soil from the watersoluble fraction step was shaken at room temperature for 30 min with 50 mL of 1 M NH 4 Cl. The mixture was centrifuged, and the supernatant was analyzed for exchangeable As. 3. Fe-and Al-bound phase: The soil residue from step 2 was shaken at room temperature for 17 hr with 50 mL of 0.1 M NaOH. The residue after centrifugation was washed twice using 25 mL of saturated NaCl solution. The supernatant from these washes were pooled and analyzed to determine the As fraction bound to Fe/Al oxides. 4. Ca-and Mg-bound phase: The residual soil was extracted using 50 mL of 0.25 M H 2 SO 4 by shaking for 1 hr at room temperature. The residue after centrifugation was washed twice using 25 mL of saturated NaCl solution. The supernatant from the washes were pooled and analyzed to determine the As fraction bound to Ca/Mg compounds. 5. Organic matter and sulfide-bound phase: The residual soil was digested using 3 mL of 30% H 2 O 2 (adjusted to pH 2.0 using HNO 3 ) at 85jC for 3 hr. To prevent adsorption of extracted As to the oxidized soil, the samples were cooled, and 5 mL of 3.2 M NH 4 OAc in dilute HNO 3 was added. The samples were diluted to 20 mL with deionized water, followed by shaking for 30 min at room temperature, and analyzed to determine the soil organic matter and sulfide-bound As. 6. Residual phase: The residual soil was extracted using 25 mL of concentrated HNO 3 at 105jC, until approximately 5 mL of solution remained. The samples were diluted to 25 mL with deionized water, centrifuged, and the supernatants were analyzed for As bound to the silicate framework.
All the above separations were done by centrifugation at 5000 rpm for 30 min. The supernatants were filtered and analyzed for As using the GFAAS.
In-Vitro Procedures
Bioavailable As was estimated following the method of Rodriguez et al. (1999) with certain modifications. The reactions were carried out in 250-mL beakers in a 37jC water bath to simulate body temperature. Anaerobic conditions were maintained by passing argon gas through the solutions. The pH of the solutions was continuously monitored. Constant mixing of the solution was maintained using a stirrer to simulate gastric mixing. The in-vitro procedure was conducted in two phases, the stomach phase and the intestinal phase carried out sequentially.
Stomach phase:
The gastric-phase solution consisted of 0.15 M NaCl and 1% porcine pepsin (Sigma Chemical Co., St. Louis, Missouri). One gram of soil sample was added to 150 mL of gastric solution, and the pH of the solution was adjusted to 1.8 using 1 N HCl. The solution was incubated for 1 hr, at the end of which 10 mL of solution was collected, centrifuged at 5000 rpm for 30 min and analyzed by GFAAS. 2. Absorbed-intestinal phase: At the end of the stomach phase, 10 mL of the gastric solution was added to replace the solution removed for analysis. The solution was modified for the intestinal phase by adjusting the pH to 7.0 using a saturated solution of NaHCO 3 , followed by the addition of 525 mg of porcine bile extract and 52.5 mg of porcine pancreatin (Sigma Chemical Co., St. Louis, Missouri).
To simulate absorption through the intestinal lining, a 40-cm 2 (6.2-in.
2 ) filter paper strip coated with ferric oxide was used (Sarkar and O'Connor, 2001 ). The ferric oxide strip was placed in a square bag (sides 6.5 cm [2.6 in.]) made of nylon membrane filter of 8 mm pore size. The bag was tied with a string and suspended in the reaction vessel. The solution was incubated for 1 hr, at the end of which 10 mL of solution was collected, centrifuged at 5000 rpm for 30 min and analyzed by GFAAS. Arsenic adsorbed by the ferric oxide strip was desorbed by shaking it vigorously in 80 mL of 1 N HNO 3 for 1 hr. 3. Preparation of ferric oxide strips: Ferric oxide strips were prepared according to Sarkar and O'Connor (2001) . In brief, Whatman no. 8 filter papers were immersed in a 10-g/100-ml ferric chloride solution for 1 hr. The filter papers were air-dried, followed by immersion in a 2.7 M NH 4 OH solution for 1 min for deposition of ferric oxide. The iron oxide-coated papers were air-dried and used to mimic As adsorption in the in-vitro absorbed-intestinal phase.
RESULTS AND DISCUSSION
Soil Properties
Soils from the Immokalee, Millhopper, and Pahokee Muck series were characterized to determine their pH, salinity, organic matter content, cation-exchange capacity (CEC), total and available P, Mg, Ca, Fe, and Al.
The results are shown in Table 1 . Immokalee soil is a sandy spodosol with low Fe/Al, Ca/Mg, and P contents. Being sandy and lacking positively charged adsorptive surfaces (e.g., amorphous Fe/Al oxides), the Immokalee soil is likely to have minimal As retention capacity (Pierce and Moore, 1980; Oscarson et al., 1981) , thereby potentially increasing the bioavailable fraction of As. This soil was used as a control to compare the effects of high concentrations of Fe, Al, and P in the Millhopper soil and high concentrations of organic matter and Ca and Mg, in addition to high Fe, Al, and P in the Pahokee Muck soil. All three soils chosen were acid soils with low pH. However, they varied widely in their salinity (measured as electrical conductivity or EC), CEC, Ca, Mg, Fe, and Al content. The primary difference between the soils was that whereas Millhopper soil had high Fe and Al content, Pahokee Muck had a very high organic matter content (greater than 85%), whereas the Immokalee soil contained less than 1% organic matter. In addition, the Pahokee Muck had high CEC and high total and extractable Fe, Al, Ca, and Mg content. According to Chen et al. (1999) , the major factors controlling trace-metal concentrations in soils are the clay content, organic carbon content, pH, CEC, and Fe and Al content. Reportedly, As is strongly adsorbed onto Fe and Al oxides (Jacobs et al., 1970; Barringer et al., 1998) ; hence, the Millhopper and the Pahokee Muck soils are likely to have strong As retention capability. At the same time, certain soil organic matter fractions (such as fulvic acid) tend to complex As, thereby making it more soluble and hence bioavailable (Gough et al., 1996) . In addition, high P content of the Millhopper and the Pahokee Muck soil could result in desorption of retained As.
Geochemical Forms of Arsenic
Chemical speciation of As in soil is the process of identification and quantification of the various ''operationally defined'' species, forms, or phases occurring in the soil. Operationally defined species of As in soils is characterized by the procedure of isolation of As, depending on its physical (solubility) or chemical (bonding or reactivity) properties ( Van Herreweghe et al., 2003) . Analysis of such geochemical forms is important because it can provide crucial information on reactivity, bioavailability, and toxicity of As. Sequential extraction is a process in which the soil sample is reacted with a series of solutions to selectively extract distinct geochemical fractions (Pickering, 1981) . Figure 1 shows the percentage of As extracted at each step of the sequential extraction procedure for Immokalee, Millhopper, and Pahokee Muck soils amended with 45 mg/kg As. In case of the Immokalee soil, about 80% of total applied As was extracted in the soluble fraction immediately after spiking the soil with pesticides (0 time). Approximately 8% was extracted in the exchangeable fraction, and the Fe/Al-bound fraction contributed to about 10% of total As. Very little As was extracted in the remaining fractions; cumulatively, the Ca/Mg-bound, organic-bound, sulfide-bound, and residual As contributed to slightly above 1% of the total As applied. Because soluble and exchangeable fractions of As are considered both bioavailable and phytoavailable, approximately 88% of the total As would have been available for plant uptake immediately after pesticide application. After a 4-month incubation period, the amount of As extracted in the soluble fraction decreased to 47%, and the amount in the exchangeable fraction decreased to 5%. As a result of soil-pesticide equilibration, a significant fraction of the initially soluble/ exchangeable As changed forms and became associated with the Fe/Al fraction. Interestingly, although Immokalee has a relatively low Fe/Al content, a 4.5-fold increase was observed in the amount of As associated with the Fe/Al fraction after the 4-month incubation Figure 1 . Geochemical speciation of As in pesticide-applied soils (45 mg / kg As) at time 0 and after 4 months equilibration.
period, indicating a strong tendency of As oxyanions to be adsorbed by Fe/Al oxides. Arsenic adsorbed irreversibly to Fe/Al oxides is considered to be unavailable for plant uptake and is also relatively unavailable to human gastrointestinal systems (Rodriguez, 1998) . In the Millhopper soil, the amount of As extracted in the soluble and exchangeable fractions was considerably less (approximately 55%) at 0 time (Figure 1) . A substantial amount of As (about 37%) was retained by the Fe/Al fraction. After 4 months, the amount of As bound to the soluble and exchangeable fractions decreased to less than half the initial amount. At the same time, the amount of As retained by the Fe/Al fraction doubled. In contrast, in the Pahokee Muck soil, the amount of As extracted in the soluble/exchangeable and Fe/Al-bound fractions was similar to those of Immokalee at 0 time (Figure 1 ) despite having vastly different soil chemistry (high organic matter, high Fe/Al contents) indicating lack of soil-pesticide equilibration. Majority of As was extracted in the soluble/ exchangeable fractions; a minor amount was extracted in the Fe/Al fraction with negligible amounts extracted in the other fractions. After 4 months, soluble As decreased by approximately 27%, whereas Fe/Al-bound As increased by 196%. In addition, Pahokee Muck soil showed a sixfold increase in the amount of As associated with the Ca/Mg fraction and a twofold increase in the amount of As associated with the organic fraction. Apparently, the high concentrations of Fe, Al, Ca, Mg, and soil organic matter in Pahokee Muck dictated the geochemical speciation of As after the soil had sufficient time to equilibrate with the pesticide. However, it was rather interesting to observe the relative impacts of Fe/Al oxides and soil organic matter on geochemical speciation of As. Although the Pahokee Muck soil has an extremely high organic matter content (85%), only a small percentage of As was bound to the organic fraction. Apparently, soil organic matter is not acting as a scavenger of As in the given soil-pesticide system; alternatively, there may be a possibility that organic matter is solubilizing a portion of total soil As. However, the Fe/Al fraction proved to be very effective in retaining As in both Millhopper and Pahokee Muck soils. Similar results were obtained in soils contaminated with 225 and 450 mg/kg of As (data not shown).
Estimation of Bioavailable Arsenic
The risk from As exposure is associated only with those forms of As that are potentially extractable by the human gastrointestinal juices. As evidenced earlier, As may exist in several geochemical forms depending on soil chemical properties; these forms may or may not be bioavailable. Bioavailability of metals has been assessed mostly using animal (in-vivo) models, which are rather complicated, lengthy, and expensive procedures that require highly trained specialized personnel. As a consequence, in-vitro chemical methods (''beaker'' models) have been designed to chemically simulate metal availability in the human gastrointestinal system. Ruby et al. (1993) developed the ''physiologically based extraction test'' to predict metal bioavailability. Two important mechanisms are involved in digestion of As-contaminated soil: solubility of the contaminant in the digestive juices and absorption of metal across the intestinal membrane (Rodriguez et al., 1999) . Although most of the studies so far have estimated the amount of metals solubilized under gastrointestinal conditions, only one reported study took the intestinal absorption of metals into account while estimating arsenic bioavailability. Rodriguez et al. (1999) used iron hydroxide gel in the in-vitro gastrointestinal method to simulate intestinal absorption. In the current study, we used iron oxide-coated filter papers inserted in nylon bags as a proxy to intestinal lining.
Results of the gastrointestinal bioavailability studies are shown in Figure 2 . In the gastric (stomach) phase, approximately 100% of total As was bioavailable at 0 time in the Immokalee and Millhopper soils, whereas about 90% of As was bioavailable in Pahokee Muck. After 4 months equilibration, percent bioavailability dropped to about 72% in the Immokalee soil. However, the number was significantly lower in the case of Millhopper and Pahokee Muck; only 39 and 44% of total As was bioavailable, respectively, after the pesticide was allowed to equilibrate with the soil. Similar trends were noted in the intestinal phase, although it generally extracted more As than the stomach phase. At 0 time, 100% of applied As was bioavailable in all soils, which decreased to 80% in Immokalee, 47% in Millhopper, and 62% in the Pahokee Muck. Apparently, As was much more strongly retained in Millhopper and Pahokee Muck compared to Immokalee. The potentially irreversibly adsorbed As fraction rendered a significant portion of total soil As unavailable to the human gastrointestinal system in Millhopper and Pahokee Muck soils. Interestingly, although the Pahokee Muck soil has higher concentrations of Fe and Al compared to Millhopper (Table 1) , the latter was more efficient in retaining As, as indicated by the lower percent bioavailability (Figure 2) . Hence, the high concentration of soil organic matter present in Pahokee Muck is most likely solubilizing As, instead of retaining it. A similar trend was demonstrated by the sequential extraction study (Figure 1 ). Similar trends were observed in soils contaminated with 225 and 450 mg/kg of As (data not shown).
Correlation Between Geochemical Speciation and Bioavailability
Figure 3a -c show the correlation between As extracted by in-vitro gastrointestinal-stomach method with As extracted by the different steps of the sequential extraction method for the Immokalee, Millhopper, and Pahokee Muck soils contaminated with 45, 225, and 450 mg/kg As. Bioavailable As was found to correlate highly (88 -97%) with the soluble fractions at 0 time for all three soils. After the 4-month incubation period, the soluble fractions of As still correlated very highly with in-vitro bioavailable As (81-97%). However, correlation between the bioavailable and the Fe/Albound fraction of As decreased from 78 to 40% in Immokalee (Figure 3a ) and 95 to 68% in Millhopper soil (Figure 3b) . Apparently, initially, when there was no sufficient time to attain equilibrium in the soil-pesticide system, a metastable As-Fe/Al phase formed, which redissolved when exposed to the highly acidic environment of human stomach (pH 1.8). This phase stabilized with time, and the As adsorbed onto Fe/Al oxides exhibited the classic hysteritic character evidenced by several other authors (Jacobs et al., 1970; Barringer et al., 1998) . Because this adsorbed As is not bioavailable, the correlation between bioavailable and Fe/Al-bound As decreased. The correlation between bioavailable As and the Ca/Mg-bound fraction increased from 13 to 93% in Millhopper (Figure 3b ) and 50 to 84% in Pahokee Muck (Figure 3c ) after 4 months, but remained almost the same in Immokalee soil (Figure 3a) . Arsenic possibly precipitated as Ca/Mg compounds, which redissolved in the low-pH gastric system, making the reversibly retained As soluble and hence available for human absorption. However, this fraction is not likely to be available for plant uptake because the extract pH has to be low enough to dissolve the precipitates. Bioavailable As also correlated significantly with organicbound As fraction in both Millhopper and Pahokee Muck after 4 months (84 and 91%, respectively); soil organic matter possibly solubilized a portion of soil As, thereby making it bioavailable (Gough et al., 1996) . Because Immokalee soil has negligible organic matter content, no significant correlation was observed. Similar results were observed when As extracted by the different steps of sequential extraction method was correlated with bioavailable As obtained by the invitro gastrointestinal (IVG) absorbed-intestinal method (data not shown). Figure 4 shows the correlation between arsenic extracted by the two IVG methods for the Millhopper and Pahokee Muck soils contaminated with 45, 225, and 450 mg/kg As. A regression coefficient of 0.94 was obtained, indicating that results from both methods were statistically similar, and that both in-vitro methods were extracting As from similar soil As pools in both soils. 
CONCLUSIONS
Soil properties had a marked impact on geochemical speciation of As. After adequate equilibration of pesticide-applied soils, soil chemistry dictated the geochemical forms of As in all the three soils studied. Soluble fractions of As were the most bioavailable in all three soils. Hysteritic adsorption of As onto Fe/Al oxides rendered a significant amount of soil As unavailable to the human gastrointestinal system. High concentration of organic matter in Pahokee Muck soil solubilized As, resulting in higher bioavailability in Pahokee Muck soil compared to the Millhopper soil, although Pahokee Muck soil has higher concentrations of Fe and Al, clearly demonstrating that bioavailability is a function of geochemical speciation of As.
